Equiatomic TaNbHfZr refractory high-entropy alloys (HEAs) were synthesized by arc-melting.
Introduction
Ideal high-entropy alloys (HEAs) are single-phase alloys of multiple principal elements in equal/near-equal proportion [1] with high configurational entropy increasing as Rln(n), where R is the universal gas constant, n being the number of solute elements. At high enough temperatures, this high entropic contribution to the Gibbs free energy of a HEA suppresses the formation of intermetallics and stabilizes a simple on average body-centered or face-centered cubic (bcc and fcc) phase [2, 3] . The broad distribution of the atomic radii of the different constituting elements leads to lattice distortions [4] , and lowers the diffusion rate by an order of magnitude [5] . This in term gives rise to many interesting properties like high strength at ambient and high temperatures [6] , diffusion barrier properties [7] , fracture resistance at cryogenic temperatures [8] etc.
Of late, the use of refractory-element based HEAs (Mo, Nb, Ta, W and V) was introduced by Senkov et al [9, 10] mainly as candidates for high-temperature (HT) structural materials above 1100°C, especially for aerospace applications. Subsequently, refractory HEAs of lower density were investigated (W and Mo replaced with Hf, Zr, Ti and Cr) and found to possess excellent HT and ambient-temperature mechanical properties [11] [12] [13] . Moreover, refractory metals were suggested for the use in many diverse ambient-temperature applications like fabrication materials for micro-and nanoelectromechanical devices, electronics components and medical implants [14] [15] [16] .
For most of the refractory HEAs, investigations were limited to the structures of as-cast alloys or inadequately annealed materials. Their long-term phase stability at elevated temperatures and the related mechanical performance have not been investigated in detail with a few exceptions (MoNbTaW HEA) [16, 17] . However, ample research has been done on both the experimental and theoretical aspects of disorders like short-range ordering and clustering (SRO and SRC) as well as Guinier-Preston zones (GP zones) in high-concentration solid-solution alloys since the 1960s [18] [19] [20] [21] , mainly based on X-ray and neutron diffuse scattering experiments. As expected, the SRO (SRC) has been found to largely influence the mechanical properties and the long-term structural stability of many engineering materials like the light-weight high-strength Al alloys [22] , bcc Fe-Cr [23] and fcc austenitic steels [24] [25] [26] and nickel based alloys [27, 28] etc.
Since refractory HEAs have been found to be potential high-performance materials for both high-and ambient-temperature applications, we investigated an equiatomic single-phase TaNbHfZr HEA for its local structural disorder and its evolution with thermal treatments and ambienttemperature mechanical property changes.
Experiments
To synthesize the TaNbHfZr HEAs, first high-purity Ta and Nb powders (99.98 % and 99.99 % pure) were compacted and arc-melted under Ar atmosphere. Then, solid pieces of Hf and Zr (99.8 % pure, oxygen level ~ 150 ppm) were pre-alloyed to form a droplet and finally all the four elements were arc-melted together to form a cast of 6 grams. A Ti getter was used to consume traces of oxygen for all melting steps and the TaNbHfZr cast was re-melted five times, each time flipped upside down.
The cast alloys were homogenized and subsequently annealed at 1800°C for 6 and 12 hours, 1, 2, 4 and 8 days, respectively, inside sealed Ta ampoules. This annealing temperature is 0.78 times the expected melting temperature of the alloy system [9] as per the rule of mixture. During long annealing treatments, an extra Hf-Zr oxygen-getter, wrapped in Ta foil, was provided inside the sealed ampoules to consume any traces of oxygen. For the ease of indicating the different annealing treatments of the alloys, they are termed as HEA-0D, HEA-1D, HEA-2D and so on for the as-cast, 1 and 2 days annealed material, respectively. Similarly, the alloys annealed for 6 and 12 hours are termed as HEA-6H and HEA-12H, respectively.
To determine the average structure and the phase-purity of the different annealed samples, powder XRD patterns were measured by an in-house powder diffractometer (PANalytical X'Pert PRO diffraction system) using Cu K α1 monochromatic radiation in a 2θ (diffraction angle) range from 20° to 120°. Additionally, to help distinguish the different chemical elements in any long-range order (LRO), and to quantify the average atomic displacement parameter (ADP), neutron powder diffraction patterns were measured by the high-resolution powder diffractometer for thermal neutrons with a wavelength of 1.1545 Å (HRPT diffractometer, Paul Scherrer Institute, PSI, Villigen, Switzerland).
The neutron scattering lengths of Ta, Nb, Hf and Zr are 6.91, 7.05, 10.9 and 7.16 fm, respectively. So, ND provides the additional advantage of detecting any ordering between group 4 and group 5 elements (for example Hf and Ta), what would have been difficult by XRD due to the small atomic number contrast. Around 5 grams of powderized samples of HEA-2D and HEA-4D were put inside a cylindrical V container (5 mm diameter), and measureed for 4-5 hours each. To investigate into the local structural disorder and ADPs, single-crystal XRD datasets were collected in-house (Oxford Diffraction, Xcalibur) on crystals with less than 50 µm diameter using Mo K α radiation. In order to determine the shape and intensities of the weak diffuse scattering arising from structural-disorder, single-crystal XRD datasets were collected using a PILATUS 2M detector at the Swiss-Norwegian Beamline (SNBL, beamline BM01A) at the European Synchrotron Research Facility (ESRF), Grenoble, France, with a wavelength of 0.6836 Å.
The microstructure and composition analyses were done with a scanning electron microscope (SEM, SU-70 Hitachi) in backscattered electron (BSE) mode equipped with an energy-dispersive Xray spectroscope (EDX, X-MAX Oxford Instruments). The HEA samples (both as-cast and annealed) were cut and finely polished with a 60-nm SiO 2 suspension before investigating with SEM. For direct imaging of the lattice-fringes and local structural-disorder, a high-resolution transmission electron microscope (FEI Tecnai F30), equipped with a field emission gun operating at 300 keV was used. The HEA samples were first embedded inside a Cu tube, then cut into slices and polished with sand-papers to around 100 µm in thickness. Then, the discs were dimple-polished with 3-µm diamond suspension and finally milled by a precision Ar ion jet polishing system (Gatan PIPS II). Atom probe tomography applied to the flat faces of the specimens, which were then compressed at an initial strain rate of 10 -3 s -1 until total fracture occurred. As a measure of ductility, the engineering strain at peak stress was considered. After reaching this strain level (peak strain), the materials generally start to develop internal cracks.
Results and discussion

Average structure and compositions:
The as-cast and annealed TaNbHfZr alloys are single-phase with on average bcc structure as evident from the powder XRDs (Fig. 1) . The experimental lattice parameter of the as-cast alloy is 3.431 ± 0.001 Å, which is close to the predicted value of 3.438 Å, according to Vegard's law [29] and 3.444 Å as predicted by Zen's law of average atomic volume [30] . As the hexagonal close packed (hcp)
elements Hf and Zr are distributed in the bcc solid-solution phase, the expected bcc lattice parameters of these two elements were calculated from the atomic volumes of hcp phases at ambient-temperature [31] . The lattice parameters of the homogenized alloys (from HEA-6H to HEA-8D) were, however, around 3.39 Å, 1.2 % less than that of the as-cast alloy. For the HEA-4D, a distinct second minor hcp β phase forms, and this will be discussed later. 
Local structural-disorder:
The XRD peaks in Fig. 1 appear to be broader than some of the other refractory HEAs like
MoNbTaW and MoNbTaWV [10, 16] . This was also found to be the case for powder ND on HEA-2D
and HEA-4D. The ND patterns of the annealed HEAs do not reveal any extra features other than those of the XRD profiles. and ZrNbHf HEAs [16, 35] . The expected static component of the ADP, U s , for this HEA amounts to 0.0188 Å 2 , derived from the differences of lattice parameters of the pure elements as [16] :
where Since there were some weak streak-like diffuse scattering intensities observed near the Bragg reflections in the single-crystal XRD patterns, HRTEM investigations were done for the HEA-1D and HEA-4D alloys, specially to study the nature of local disorder. grow with time, they become more interconnected and make almost a 3d grid structure in HEA-4D (Fig. 5g) . The spacing of the SRCs in HEA-1D and HEA-4D are in the range of 7-15 nm, which is again close to the spacings observed in HRTEM images (Figs. 4 and 7 ) and the calculated coherent domain sizes from the powder NDs. Thus, the prediction of clustering of bigger atoms and local SRCdisorder from the TEM investigation (Fig 4) is readily verified with the 3d APT reconstructions. 
Modeling of the real structure and the local-disorder:
The single-crystal XRD datasets collected by the PILATUS detector also reveal the presence of local-disorder based on the weak diffuse scattering. Figs. 6a and 6b show the reconstructed hk0 reciprocal lattice layers of HEA-6H and HEA-4D. Similar to the SAED pattern (Fig 4a) and the FFT analysis of the HRTEM images (Figs 4d and 4f) , the diffuse streaks adjacent to the Bragg reflections are asymmetric towards the origin. With higher reciprocal lattice vectors, the lengths of the streaks increase and reveal the presence of diffuse maxima within the streak. For the longer annealed sample HEA-4D, the diffuse intensities remain similar to that of the shorter annealed HEA-6H. But, some extra weak intensity spots (encircled spots) are observed for the HEA-4D, which correspond to the minor hcp β phase indicated earlier. 
!"
Structural evolution with annealing time:
As the SRCs become more interconnected with longer annealing times, and a minor hcp β phase appears after 4 days, it is anticipated that these would influence the structural and mechanical properties of the HEA. Some more HRTEM investigations have been done for the HEA-4D sample in a similar fashion to that of HEA-1D (Fig. 4) . Figs. 7a and 7b show the high-resolution BF images taken along the [100] crystallographic zone-axis with the SAED pattern given in the inset of Fig. 7a .
The image contrast is similar to the BF HRTEM images of HEA-1D showing cuboid-like domains and also to that of the APT reconstructions (Figs. 5e and 5g ). The main difference of the local structure of HEA-4D from HEA-1D is that the SRCs become more interconnected with each other, and in the SRCs Hf atoms cluster strongly together with Zr atoms. In HEA-4D, the SRCs make a 3d network meeting each other at some cross-like clustering nodes and thus creates grid-like repeating domains of cuboids all throughout the structure. Diffraction spots from the minor hcp β phase are observed in the SAED for HEA-4D (Fig. 7c ) similar to the hk0 reconstructed layer from the single-crystal XRD (Fig.   6b ), given that a longer exposure time (5-10 seconds) for the SAED pattern is provided. These extra weak diffraction spots of the β phase are indexed with orange color lines along with the strong Bragg intensities of the average bcc matrix (Fig. 7c) . The β phase apparently has multiple twin components and two of them are shown, one with solid and another with dashed orange lines. One of the stronger diffraction spots of the β phase (encircled spot in Fig. 7c ) was taken for a dark field (DF) imaging as shown in Fig. 7d . The DF image reveals that the selected Bragg intensity is originating from the nodes of the SRCs, indicating that the hcp β phase forms at the high concentration regions of the hcp elements Hf and Zr. However, there are some traces of this β phase also in SRC regions away from the clustering-nodes. It appears that with longer than 1 day of annealing, the SRCs grow and form clustering nodes (as in HEA-4D), where it reaches the critical size for the nucleation of the hcp β phase.
The HEA-8D sample has even a higher degree of this β phase precipitation as suggested by the increased peak intensity in powder XRD (Fig. 1 ). HEA-8D shows decomposition of the average structure into two different bcc phases with close lattice parameters, as observed in single-crystal XRDs (not shown here). This could be due to the tendency that the cuboid regions of SRCs become more enriched in Ta and Nb, forming a connected sub-micron scale long-range average structure in HEA-8D. Detailed investigations into the structural-decomposition of HEA-8D are out of the scope of this work. HEAs are also observed in MoNbTaW and MoNbTaWV [9, 16] . High hardness and strength of the HEAs even in the as-cast conditions with no detectable SRO/ SRCs present, are mainly attributed to the local lattice distortion and solid-solution strengthening effects [9, 16, 35] . Apart from the solid solution strengthening in the as-cast condition, with the increase in annealing time and the density of SRCs, the hardness and yield strength of the TaNbHfZr HEA increases by 57 % and 76 %, respectively, for HEA-1D. SRCs and GP zones formed due to annealing treatments have been found to additionally increase the yield strength and reduce the ductility in many substitutional Al [22] and Ni based alloys [28] . During early stages of annealing in HEA-6H, SRCs appear in larges numbers increasing the strength by 424 MPa and reducing the peak strain to 2.25 %. As the SRCs become increasingly interconnected from the as-cast to the 1 day annealed state, any dislocation moving through the material will be subjected to overcome the local energy minima caused by the SRCs. This causes the yield strength to reach a maximum for the HEA-1D. The increase of yield strength due to SRCs can be described for interstitial [26] and substitutional alloys [36] by the following relations:
where, ! !"# is the increase in yield strength due to SRC, ! is Taylor factor ≈ 2.75 for bcc structures From a peak of hardness and yield strength for the HEA-1D, the values drop by around 6 % and 13 %, respectively for the HEA-8D (Fig 8) . The peak strain also increases from a near-zero for the HEA-1D upto 3.5 % for the HEA-8D. This can be explained by the fact that around 4 days of annealing, the SRCs all become interconnected and the clustering nodes grow to accommodate the hcp Zr/Hf rich β phase. This in turn would reduce the internal strain in the matrix phase and ease the movement of dislocations to allow for some plastic deformations and gradually improve the ductility beyond 2-4 days of annealing. However, as the HEA-8D material experiences the decomposition of the bcc single-phase matrix into two bcc phases, there could be a further lowering of the internal strain, which would improve ductility. This mechanism is also supported from the experimental data, but since this work mainly deals with the single-phase HEAs, detailed investigations of the HEA-8D is out of the scope of this work. 
Structure modeling
An atomic model of the HEA was constructed depicting the local structural disorder in a simulation volume of 80×80×20 supercells of the bcc average structure containing a total of 256000 atoms. EAM potentials [38, 39] , suitable for bcc metals and alloys [40] , were used for the MD relaxations. In the framework of EAM potentials, the total energy of the system is given by the basic equations:
where ! ! is the total internal energy of the system, ! ! ! ! is the energy to embed atom i in an electron density ! ! , ! ! is the electron density at atom i due to all other atoms given by ! ! ! !" , ! !" is the distance between atom i and j, and ! !"! ! !" is a two-body interaction potential between atoms i and j. The atomic interaction potentials were created based on physical parameters of the elements such as atomic radius, cohesive energy, unrelaxed vacancy formation energy and second order elastic stiffness constants. These physical input parameters were suitably taken for a bcc structure of the elements and presented in Table 2 . MD relaxation was done with the simulation program LAMMPS [41] by using the conjugate gradient method. The internal energy of the system was minimized to a tolerance level of 10 -14 for the atomic relaxations. Since the average structure of the HEA remained a bcc solid !"#$ !%#$ solution in all the annealing conditions, the stiffness constants of the elements were taken from bcc phases as well. nm. The model atomic structure was then relaxed with the developed EAM potential and a diffraction pattern of the relaxed structure was calculated using the DISCUS package [47] .
While calculating !! !"# for the energy minimization by the SRC, it is assumed that the atoms located within full width at tenth maximum (FWTM) of the Gaussian (around 97 % of area under the Gaussian curve) composition distribution significantly affect the energy minimization process. In the literature some of the ! !"# values have been calculated by ab-initio methods, where the SRCs are contained within a volume of a few hundred atoms [26] . But, for more diffuse and extended SRCs like in this HEA, the calculation of ! !"# could be nontrivial. However, it has been shown by the ab-initio based studies of SRO and SRCs in binary alloys that the significant minimization in energy occurs after the local structure relaxation [48] . For this HEA, the energy difference between the unrelaxed structures of a random solid-solution and that containing the SRC is negligible. Whereas, the relaxed structures show a marked 62 meV/atom of internal energy difference between the!! !"#$%& and the ! !"# .
Summary and conclusions
The TaNbHfZr HEA shows a bcc average structure in the as-cast and the long-term annealed causing the yield strength to drop and ductility to improve again beyond 1 day of annealing. Our study reveals the details of the local disorder present, their mechanism of evolution with long annealing time and its effect on the mechanical properties at ambient-temperature.
